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In Brief
Muñ oz-Gó mez et al. explored the diversity of red algal plastid genomes, which led them to discover the largest and most intron-rich plastid genomes known as well as to resolve the deep phylogeny of the red algae and shed light on the origin of secondary red algal plastids.
SUMMARY
Red algal plastid genomes are often considered ancestral and evolutionarily stable, and thus more closely resembling the last common ancestral plastid genome of all photosynthetic eukaryotes [1, 2] . However, sampling of red algal diversity is still quite limited (e.g., [2] [3] [4] [5] ). We aimed to remedy this problem. To this end, we sequenced six new plastid genomes from four undersampled and phylogenetically disparate red algal classes (Porphyridiophyceae, Stylonematophyceae, Compsopogonophyceae, and Rhodellophyceae) and discovered an unprecedented degree of genomic diversity among them. These genomes are rich in introns, enlarged intergenic regions, and transposable elements (in the rhodellophycean Bulboplastis apyrenoidosa), and include the largest and most intron-rich plastid genomes ever sequenced (that of the rhodellophycean Corynoplastis japonica; 1.13 Mbp). Sophisticated phylogenetic analyses accounting for compositional heterogeneity show that these four ''basal'' red algal classes form a larger monophyletic group, Proteorhodophytina subphylum nov., and confidently resolve the large-scale relationships in the Rhodophyta. Our analyses also suggest that secondary red plastids originated before the diversification of all mesophilic red algae. Our genomic survey has challenged the current paradigmatic view of red algal plastid genomes as ''living fossils'' [1, 2, 6] by revealing an astonishing degree of divergence in size, organization, and non-coding DNA content. A closer look at red algae shows that they comprise the most ancestral (e.g., [2, 7, 8] ) as well as some of the most divergent plastid genomes known.
RESULTS AND DISCUSSION

New Red Algal Genomes Reveal High Phylogenetic Divergence and Diversity
Red algae are direct descendants of the first eukaryote that became photosynthetic after enslaving and converting a cyanobacterium into a photosynthetic organelle. Among plastid diversity, red algal plastid genomes (ptDNAs) are considered ancestral and evolutionarily stable in terms of gene content and genomic organization [1, 6] , and therefore most closely resembling the last common ancestral genome of all plastids (e.g., [2] ). For instance, red algal plastid genomes contain the largest repertoire of plastid genes reported so far (i.e., 166-235 protein-coding genes [9] ). This large gene set includes numerous genes that are absent in all other plastid genomes, and which mostly encode gene-expression regulatory proteins, biosynthetic enzymes, and membrane transporters [6] . Furthermore, red algal plastid genomes have a very compact genomic organization and their genes appear to be evolving relatively slowly [2] . Red algae, therefore, are of particular importance in helping us elucidate the early evolution of plastids and their genomes.
Unfortunately, the diversity of red algal plastid genomes remains undersampled (e.g., see [10] for sampling deficiencies of the red algal phylogeny that are addressed in this study). Sampling has largely focused on the red algal mesophilic seaweeds (classes Bangiophyceae and Florideophyceae) and the unicellular thermoacidophilic members of the Cyanidiophyceae (e.g., [2, 3, 5] ). More than 80% of the publicly available red algal plastid genomes belong to these three well-known classes (see [9] ). In order to improve our understanding of the diversity and evolution of red algae and their plastids, we sequenced six new plastid genomes from the four phylogenetically disparate classes of mesophilic non-seaweed red algae: the Porphyridiophyceae (Flintiella sanguinaria), Stylonematophyceae (Bangiopsis subsimplex), Compsopogonophyceae (Boldia erythrosiphon and Rhodochaete parvula), and Rhodellophyceae (Corynoplastis japonica and Bulboplastis apyrenoidosa) (Figure 1 ).
Our genomic explorations into the mesophilic non-seaweed red algae have expanded the known range of ptDNA diversity among red algae (see Table 1 and Figures 2, S1; Figures S5-S8 on Mendeley Data, http://dx.doi.org/10.17632/hfhb 433p9s.1)-some previous studies had hinted at the distinctiveness of the ptDNAs for some members from these groups [1, 4, 9, [11] [12] [13] . Whereas intergenic DNA tends to be relatively constant among these ptDNAs ($22%), most variation is caused by intronic DNA, which ranges from 10% to 64% of the total ptDNA size (Table 1) . Unlike bangiophycean and florideophycean ptDNAs, which carry open reading frames (ORFs) of plasmid origin [14] , we could not detect any plasmid ORFs on our new ptDNAs (data not shown), although characterization of plasmids for these red algal lineages remains to be done. The gene content of these classes, however, seems to have stabilized early in evolution and has not changed drastically relative to other red algae (Table 1; Table S2 on Mendeley Data, http://dx.doi.org/10.17632/txn2dnt5z6.1). Most of the mesophilic non-seaweed red algae have ptDNAs with a quadripartite organization defined by inverted repeats (IRs) that contain the rRNA gene operon (see Table 1 ). However, unlike the quadripartite organization of some red algal and most green plant and secondary red algal ptDNAs (e.g., see [4, 15] ), these IRs are divergent relative to the small single-copy (SSC) region ( Figure S4 on Mendeley Data). Remarkably, the SSCs of rhodellophyceans are quite small, being only 402-457 bp long and containing no genes at all ( Table 1) . The high degree of divergence of these ptDNAs is also seen in their highly rearranged genomes (Figures S9-S11 on Mendeley Data). These results indicate that red algal ptDNAs encompass a greater degree of diversity than previously appreciated, challenging traditional views of their ancestral nature.
Massive Plastid Genome Expansion among Rhodellophyceans
All mesophilic non-seaweed red algae examined to date have plastid genomes that are larger than those of cyanidiophycean or seaweed red algae as a consequence of the proliferation of Note the highly fragmented nature of its genes due to the massive proliferation of divergent group II introns (note that pseudogenized maturases are also shown). This picture resembles eukaryotic nuclear genes and makes rhodellophycean ptDNAs interesting models to understand the early invasion of eukaryotic genes by selfish introns. Inverted repeats containing the rRNA gene operon (marked as thick black lines in the innermost circle) flank a tiny SSC region of just 457 bp. See Figure S1 for the plastid genome map of the rhodellophycean Bulboplastis apyrenoidosa NIES-2742.
divergent group II introns [4, 9, 13] . Prior to our study, the largest known red algal ptDNA belonged to the porphyridiophycean Porphyridium sordidum with a size of 259 kbp [9] . Outside the Rhodophyta, the largest ptDNAs reported are those of the green algae Floydiella terrestris (521 kbp [16] ) and Volvox carteri (525 kbp [17] ). It has also been suggested that the green seaweed Acetabularia acetabulum has a ptDNA >1 Mbp in size, although it has only been partially sequenced [18, 19] . Our expanded sample of red algal ptDNAs has uncovered the largest plastid genomes ever sequenced. The rhodellophyceans B. apyrenoidosa (order Dixoniellales) [20] and C. japonica (order Rhodellales) [21] have reached unprecedented levels of genomic expansion, with genome sizes of 610 kbp and 1.12 Mbp, respectively. In the case of C. japonica, ptDNA expansion seems to have been driven by the massive proliferation of introns, which have come to occupy more than 63.9% of the total ptDNA size ( Figure 2 ; Table 1 ). C. japonica has an impressive number of at least 311 introns in its genome (see Figure 2) , surpassing the record previously held by euglenophyceans; the most intron-rich ptDNA documented had been that of Euglena gracilis strain Z, with $150 introns [22] [23] [24] . B. apyrenoidosa, on the contrary, has enlarged intergenic regions that represent $36% of its ptDNA size, although introns have also spread significantly (at least 220 introns) ( Table 1 ). The cause for the expansion of intergenic spacers in the ptDNA of B. apyrenoidosa appears to be invasion by insertion sequences (ISs) of bacterial origin. B. apyrenoidosa's ptDNA is exceptional in having as many as 55 predicted ISs (defined by complete, partial, or pseudogenized transposases; Figure S12 on Mendeley Data); previous reports are limited to only one or two examples of similarly acquired foreign genes (e.g., see [25] [26] [27] [28] ). Classification of these ISs suggests that these selfish DNA elements might have had at least two independent ancient origins, and that they subsequently spread (and were most likely inactivated through pseudogenization) within B. apyrenoidosa's ptDNA ( Figure S12 on Mendeley Data). The modes of expansion of rhodellophycean ptDNAs contrast with those in the green algae F. terrestris and V. carteri, whose intergenic regions have been populated by numerous short repeats (Table 1) [16, 17] . These examples further illustrate the extraordinary levels of genomic diversity hidden within the red algae.
A New Higher-Level Clade within the Rhodophyta Previous studies delineated the major lineages within the red algae (now ranked as classes) but failed to resolve their deep interrelationships (e.g., [29] [30] [31] [32] [33] ). It has therefore traditionally been assumed that the mesophilic non-seaweed red algae comprised a paraphyletic assemblage of independent lineages that successively diverged before the diversification of the red algal seaweeds (Eurhodophytina) and after their phylogenetic separation from the Cyanidiophytina [33] [34] [35] [36] . A recent multi-gene analysis of 263 nuclear genes suggested a similar diversification pattern for the mesophilic non-seaweed red algae (i.e., Porphyridiophyceae, Stylonematophyceae, Compsopogonophyceae, and Rhodellophyceae), although support was equivocal [37] . It has been suggested that the lack of resolution at the red algal tree backbone is partly the result of a rapid early radiation of the mesophilic red algae [32, 36] . Phylogenetic analyses have been inconclusive regarding the deep phylogeny of the red algae, either because of poor taxon sampling or because of poor resolution at the deeper nodes (e.g., [4, 32, 37] ).
We built a dataset of 170 plastid genome-encoded proteins to better understand the evolutionary history of red plastid genomes and the deep phylogeny of the red algae (see Supplemental Information). This dataset comprised ptDNA-encoded genes from 37 red algae, including our six newly sequenced ''basal'' red algae, and five green algae as an outgroup. We analyzed this dataset under maximum-likelihood and Bayesian frameworks and used sophisticated models that account for across-site rate and amino acid compositional heterogeneities (C60 and PMSF on IQ-TREE, and CAT+GTR on PhyloBayes [38, 39] ; H. Wang, S. Susko, B. Minh, and A. Roger, personal communication; http://www.iqtree.org/doc/Complex-Models# site-specific-frequency-models). Our results recovered a strongly supported clade for the mesophilic non-seaweed red algae, and confidently resolved the interrelationships between the four previously ''basal'' red algal classes (Figure 3 ). Interestingly, support for this deep node, as well as its internal nodes, increased as we used more sophisticated models of protein sequence evolution (Figures S13-S25 on Mendeley Data). In our trees, the classes Compsopogonophyceae and Porphyridiophyceae are reciprocally monophyletic, similar to the sister relationship between the classes Stylonematophyceae and Rhodellophyceae ( Figure 3 ). After our analyses had been completed, a study focused solely on the red algae used 298 nuclear genes to recover the four ''basal'' non-cyanidiophycean red algal classes as a larger monophyletic group [40] . This result corroborates the higher-level clade recovered here based on plastid genomes. Although support was high for this new higher-level clade, Qiu et al. [40] could not confidently resolve the interrelationships among the classes from which it is comprised.
We propose that the new higher-level clade formed by these four classes be named Proteorhodophytina subphylum novus to reflect the wide diversity of body types, lifestyles, and plastid genomes (Figure 3 ; see STAR Methods for formal taxon description). The shared evolutionary history among the four classes comprising this new subphylum furthermore explains the evolutionary trend in non-coding DNA acquisition by the plastid genomes of this major red algal lineage (Table 1) as well as their unique ptDNA organization relative to other red algae ( Figure S4 on Mendeley Data). The putatively ancient nature and wide diversity of the Proteorhodophytina also help to partly explain why some traditionally used characters (such as filamentous thalli, asexuality, pit plugs, pyrenoids, plastid morphology, Golgi associations, ecological habitat, etc.) are most taxonomically ''useful'' at a class level and most likely have multiple independent origins (or losses) among red algal classes (see Figure S2 , which primarily relies on [34, [41] [42] [43] [44] ). This higher-level classification scheme for the phylum Rhodophyta updates, unifies, and grounds the recent proposals of Saunders and Hommersand [34] , Yoon et al. [36] , and Ruggiero et al. [45] on a robust phylogenetic framework.
A Deep Origin of Secondary Red Plastids among Red Algae
Red algal plastids are well known to have spread across the eukaryotic tree by secondary (i.e., eukaryote-eukaryote) endosymbiosis. As a consequence, the chlorophyll-c-containing algae evolved: cryptophytes, haptophytes, ochrophytes, dinophytes, and the chromerid algae (as well as some of their non-photosynthetic descendants, such as apicomplexans [46, 47] ). Secondary red plastids have a monophyletic origin from within the red algae whether they were inherited vertically from a singular secondary endosymbiosis or further spread horizontally among other eukaryotes afterward. However, the precise red algal lineage that donated their plastid to the first secondary red alga (or red meta-alga) has remained elusive due to a lack of phylogenetic resolution and poor taxon sampling among the ''basal'' red algae (e.g., [31, 33, 48] ). Recent phylogenetic trees addressing this question indicate that secondary red plastids are sister to the Eurhodophytina (the bangiophyceans and florideophyceans) or to a larger clade composed of both the Eurhodophytina and the Porphyridiophyceae (e.g., [4, 49] ). Unfortunately, the lack of information for the classes Compsopogonophyceae, Stylonematophyceae, and Rhodellophyceae has precluded a clearer understanding of the origin of secondary red plastids. The establishment of a well-supported new red algal subphylum, the Proteorhodophytina, based on an expanded taxon sampling of ''basal'' red algae, can potentially shed light on the timing of the origin of secondary red plastids from within the red algae.
To revisit this question, we incorporated secondary red algal plastid genome sequences into our newly expanded plastid dataset (alveolate plastid genomes were excluded from our analyses due to their highly divergent nature). Our plastid protein trees suggest that secondary red plastids have an even deeper origin within the red algae. They branch as sister to all mesophilic red algae, i.e., the subphyla Eurhodophytina and the Proteorhodophytina ( Figure S3 ). This phylogenetic position suggests that secondary red plastids could have evolved approximately $1,500-1,194 million years ago [44, 50] , although updated fossil-calibrated molecular chronograms are needed. The nature of the ancestor of secondary red plastids was most likely an ancestral mesophilic red algal unicell that lived in freshwater environments (based on the phylogenetic context of the secondary red algal lineage; e.g., see Figure S2 ).
Conclusions
This work (1) reports the largest plastid genome ever sequenced, (2) reports the most intron-rich plastid genome known, (3) reports the most extreme example of ancient transposition by insertion sequences in an organelle genome, (4) resolves the deep phylogeny of the red algae, (5) Consensus phylogram from two independent Markov chain Monte Carlo (MCMC) chains inferred under a Bayesian framework using PhyloBayes and the CAT+GTR+G4 model on a dataset of 170 plastid genome-encoded proteins. An identical topology is inferred under maximum likelihood with IQ-TREE using the models LG+C60+F+R6 and LG+PMSF+F+R6. Branch support is shown as Bayesian posterior probabilities/SH-aLRT support (%)/standard non-parametric bootstrap support (%)/ultrafast bootstrap support (%). Fully supported branches (1/100%/100%/100%) have been thickened. The most basal branch has been shortened 50% for illustration purposes (see hash marks). See Figure S2 for the phylogenetic distribution (on the topology here inferred) of taxonomic characters traditionally used for the red algae. See also Figure S3 for the phylogenetic placement of secondary red plastids in the phylogeny of the red algae. secondary red plastids, and (6) reveals an unprecedented degree of diversity among red algal plastid genomes. It will be interesting to see whether future studies aimed at disentangling the ambiguous/conflicting signals in nuclear datasets corroborate the phylogenetic pattern based on plastid genomes shown here. Similarly, mitochondrial genomes will also prove helpful by providing an independent phylogenetic test. Additional sampling among the mesophilic non-seaweed red algae, especially the rhodellophyceans, will no doubt continue to push the boundaries of the wide spectrum of plastid genome diversity [51] . Our genomic survey has challenged the current paradigmatic view of red algal plastid genomes as ''living fossils'' that have retained an ancestral state by revealing an astonishing degree of divergence in size, organization, and non-coding DNA content. Mosaic evolution has produced an eclectic mixture of the most ancestral, as well as some of the most divergent, plastid genomes known among the red algae.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Claudio H. Slamovits (claudio.slamovits@dal.ca).
METHOD DETAILS
Sequencing of red algal plastid genomes We chose six red algal species based on availability in culture collections and phylogenetic diversity among the Rhodophyta. These are Bangiopsis subsimplex UTEX LB2854 (Stylonematophyceae), Boldia erythrosiphon UTEX LB2858 and Rhodochaete parvula UTEX LB2715 (Compsopogonophyceae), Corynoplastis japonica NIES-2662 and Bulboplastis apyrenoidosa NIES-2742 (Rhodellophyceae) and Flintiella sanguinaria UTEX LB2060 (Porphyridiophyceae). Culture maintenance was done in a Thermo Scientific Precision incubator at 23 C and a 12:12 hr (night:day) cycle. In order to obtain genomic DNA (gDNA) from F. sanguinaria UTEX LB2060 a whole genome amplification (WGA) was performed using the REPLI-g Mini Kit (QIAGEN). DNA extraction of total gDNA for all other species was carried out with the ZR Fungal/Bacterial DNA MicroPrep Kit (Zymo Research) using a BIO101/Savant FastPrep FP120 high-speed bead beater and 20 uL of proteinase K (20 mg/mL). Sequencing libraries were made using the NEBNext Ultra II DNA Library Prep Kit (New England Biolabs) for all species except F. sanguinaria UTEX LB2060. A sequencing library for F. sanguinaria UTEX LB2060 was made using the Nextera XT DNA Library Preparation Kit (Illumina). DNA sequencing libraries were sequenced in an Illumina MiSeq instrument. Post-assembly Sanger sequencing using the primers Fs-rRNA_F and Fs-rRNA_R was done to confirm the variable 16S rRNA-23S rRNA intergenic region in F. sanguinaria UTEX LB2006.
forms, and alludes to the vast ('protean') phenotypic and genotypic diversity exhibited by the members of this new subphylum. 
DATA AND SOFTWARE AVAILABILITY
The ptDNA sequences of B. subsimplex UTEX LB2854, B. erythrosiphon UTEX LB2858 and R. parvula UTEX LB2715, C. japonica NIES-2662 and B. apyrenoidosa NIES-2742, and F. sanguinaria UTEX LB2060 were deposited in NCBI GenBank under the accession numbers KY709207, KY709208, KY709209, KY709210, KY709211 and KY709212. Raw sequencing reads were deposited on the NCBI SRA archive under the study accession number SRP100563. Multi-gene datasets as well as phylogenetic trees inferred in this study were deposited at TreeBASE (http://purl.org/phylo/treebase/phylows/study/TB2:S20932). Figures S4-S25 
